Micromarkers with five photoluminescence colors were developed as tracers for shadowing pursuits. The markers are colorless powders with particle diameters of several tens to several hundreds of micrometers, prepared using a cryogenic sample crusher. They were visualized using red, green, yellow, magenta or cyan photoluminescence under ultraviolet light at approximately 365 nm. The markers were composed of photoluminescent compounds dispersed in polyvinyl butyral. The photoluminescent compounds in the polyvinyl butyral were stable under ambient conditions for more than one year after application. The compounds with the red, green, yellow, magenta and cyan photoluminescence contained a europium (Eu 3+ ) complex, a terbium (Tb 3+ ) complex, a mixture of Tb 3+ and Eu 3+ complexes, a mixture of Eu 3+ complex and o-coumaric acid, and a mixture of Tb 3+ complex and 7-hydroxycoumarin along with a few drops of a sodium bicarbonate aqueous solution, respectively. Neodymium (Nd 3+ ) and ytterbium (Yb 3+ ) complexes with photoluminescence in the near-IR wavelength region can also be added to these visible photoluminescent compounds as secret markers for discrimination. The markers were non-destructively identified using a microscopic FT-IR spectrometer and a microscopic spectrometer equipped with a fluorescence detector.
Introduction
The powder forms of photoluminescent markers containing europium (Eu 3+ ) and/or terbium (Tb 3+ ) complexes that can be visualized using five luminescence colors under black light at approximately 365 nm were developed for use as tracers for shadowing pursuits. A polymer resin (polyvinyl butyral) was utilized as the matrix of the photoluminescent compounds. The fibers that adhere to the hands of molesters from the clothes of victims molested in crowded commuter trains are very useful as evidence in forensic science in Japan. 1, 2 The markers are as adherent as the fibers, and are identified by means of a microscopic FT-IR spectrometer and a microscopic spectrometer equipped with a fluorescence detector. Therefore, the markers are expected to be as useful as the fibers currently utilized for arresting molesters.
Most of the visible photoluminescent compounds existing in the living area are fluorescent whitening agents found in fibers, detergents and paper, and fluorescent coloring agents in writing materials and cosmetics. The compounds mask the markers. However, these masking agents exhibit small Stokes shifts and fluorescence emissions with a broad monotonous peak, whereas the Eu 3+ and Tb 3+ complexes exhibit large Stokes shifts and a fluorescence emission with multiple characteristic narrow peaks. [3] [4] [5] The combination of ultraviolet (UV) light and fluorescence spectrometer clearly distinguishes the Eu 3+ and Tb 3+ complexes from the visible photoluminescent compounds available in the living area. Eu 3+ and Tb 3+ complexes have been prepared by many researchers in various fields, and characteristically emit red and green luminescence under UV light at approximately 365 nm, respectively. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The retina of the human eye has three types of receptors: one for red, one for green, and one for blue light, and receives a mixture of two colors to form another color of light. For example, it forms yellow from red and green, magenta from red and blue, and cyan from green and blue. 16, 17 In this study, the various colors of characteristic photoluminescent compounds containing Eu 3+ and/or Tb 3+ complexes were studied by applying the theory of light and color. 16, 17 Also, more unique markers were prepared by adding neodymium (Nd 3+ ) or ytterbium (Yb 3+ ) complexes, whose photoluminescence is in the near-IR wavelength region, to the visible photoluminescent compounds as secret markers for discrimination. 
Experimental

Sample preparation
A europium complex (EuBFA3) with a benzoyltrifluoroacetonato ligand and a terbium complex (TbSE3) with an ethyl salicylate ligand were prepared as red and green photoluminescent compounds, respectively, as previously described. 6-8 7-Hydroxycoumarin 18 with a few drops of an alkaline aqueous solution supersaturated with sodium bicarbonate (NaHCO3) and o-coumaric acid were prepared as two types of blue photoluminescent compounds. A neodymium complex (NdBFA3) and a ytterbium complex (YbBFA3) with a benzoyltrifluoroacetonato ligand were also prepared as more unique markers.
The red photoluminescent polymer was prepared as follows. A solution of EuBFA3 (2 mg) in a small amount of methanol was added to 1000 mg of polyvinyl butyral, homogeneously stirred, and then dried for 2 h at 80˚C in an oven. The green photoluminescent polymer was prepared using a 6-mg TbSE3 solution instead of the 2-mg EuBFA3 solution, by the same preparation method as that for the red photoluminescent polymer. The yellow photoluminescent polymer was prepared as follows. EuBFA3 (6 mg) and TbSE3 (60 mg) were each dissolved in a small amount of methanol, and each solution was added to 500 mg of polyvinyl butyral in separate beakers while stirring. The two solutions of polyvinyl butyral emitting red and green photoluminescence were stirred while being observed under UV light at approximately 365 nm until the mixed solution emitted a yellow luminescence; then, the solution was dried for 2 h at 80˚C in an oven. The preparation of the magenta (or cyan) photoluminescent polymer was carried out using a 4-mg EuBFA3 solution, a 4-mg o-coumaric acid solution (or a 50-mg TbSE3 solution and 10 mg of 7-hydroxycoumarin solution in 0.5 ml of an aqueous solution supersaturated with NaHCO3) instead of the 6-mg EuBFA3 solution and the 60-mg TbSE3 solution, by the same preparation method as that for the yellow photoluminescent polymer.
Photoluminescent powdered markers with five colors and particle diameters of several tens to several hundreds of micrometers were prepared using a cryogenic sample crusher, JFC-300 (Japan Analytical Industry Co., Ltd.) cooled with liquid nitrogen. Both the pre-cooling time and the crushing time were set to 10 min. Two types of a more unique purplishred photoluminescent polymer were prepared using a 4-mg EuBFA3 solution and a 40-mg YbBFA3 solution (or a 4-mg EuBFA3 solution and a 40-mg NdBFA3 solution) instead of the 6-mg EuBFA3 solution and the 60-mg TbSE3 solution, by the same preparation method as that for the yellow photoluminescent polymer. Two types of a more unique paleyellow green photoluminescent polymer were also prepared using a 4-mg TbSE3 solution and a 40-mg YbBFA3 solution (or a 4-mg TbSE3 solution and a 40-mg NdBFA3 solution) by the same preparation method as that for the yellow photoluminescent polymer.
The loss of polymers with red, green, magenta or cyan photoluminescence was mainly caused by the caking of polymer residues on the stirrers used for mixing the polyvinyl butyral and the luminescent compounds, and the fact that the residues of the powdered polymers could not be gathered from the container of the cryogenic sample crusher. The yields of the polymers were 90 -96 wt%. The yield of the yellow photoluminescence polymer was approximately 50 wt% because, in addition to the above-mentioned loss, it was more difficult to make the color of this solution than to do the four colors of the other polymer solutions.
Apparatus
The absorption wavelengths of the luminescent compounds were measured in the wavelength region of 220 -700 nm using a Shimadzu UV1600 spectrophotometer. The excitation spectra of the luminescence compounds were measured in the wavelength region of 220 -700 nm using a Hitachi F-4500 fluorescence spectrometer. The band passes for the excitation and emission monochromators were set to 10 nm.
A strong light, BF-662 (National, Japan), equipped with a black-light blue fluorescent lamp, FL6BL-B at 6 W, instead of the fluorescent lamp, was used as the ultraviolet (UV) light lamp. The wavelength of the UV light was approximately 365 nm.
Two types of band pass filters, BPN-45 (Fuji Filter) and BPN-55 (Fuji Filter), and a sharp cut filter, SC58 (Fuji Filter), were used for the detection of photoluminescent markers. The filters were mainly composed of 7.5 × 7.5 cm triacetyl cellulose films.
A Fourier-transform infrared spectrometer, FT/IR-6200 (Jasco, Japan), with an infrared microscope, IRT-3000, was used as the microscopic FT-IR spectrometer for analysis of the marker matrices. The measured wave number range was 650 to 4000 cm -1 .
A microscopic spectrometer with a fluorescence detector was used for measuring the photoluminescence of the markers. The spectrometer was mainly composed of a multi-channel photo detector, MCPD-7000 (Otsuka Electronics, Japan), a superhigh-pressure mercury lamp power supply, C-LHG1 (Nikon, Japan), a UV excitation filter, UV-1A (approximately 365 nm), and a microscope, Eclipse 80I (Nikon, Japan). The measured wavelength range was 330 to 1100 nm.
Procedure
The absorption and excitation spectra of the luminescent micromarker compounds were measured using a UV-visible spectrophotometer and a fluorescence spectrometer in order to investigate their absorption at 365 nm. The stabilities of the five colors of the photoluminescent powdered micromarkers containing the Eu 3+ and/or Tb 3+ complexes in polyvinyl butyral were compared with those of the markers contained in vaseline, as previously reported, 6 using a UV lamp and a microscopic spectrometer with a fluorescence detector. Five types of color observations of the markers, i.e. (1) the color under natural light, (2) the luminescence color under UV light at approximately 365 nm, and the luminescence under UV light through (3) a BPN45 band pass filter, (4) a BPN55 band pass filter, and (5) a SC58 sharp cut filter, were examined for marker detection. Fluorescent whitening agents, powder detergents, fluorescent coloring agents and inks from fluorescent pens available in the living area were also compared with the markers using the same examination procedure. Analytical methods for studying the markers were examined using a microscopic FT-IR spectrometer and a microscopic spectrometer equipped with a fluorescence detector. More unique markers prepared by adding YbBFA3 or NdBFA3 to the above-mentioned markers were also analyzed.
The method of quenching the photoluminescence of the markers was also examined using an alcohol solution.
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Specification of the markers
Here is an example of marker specification. The markers are applied to feminine underclothes, such as a panty or brassiere, with an exclusive brush in order to help prevent the woman from being molested in a crowded commuter train. When a molester touches her underclothes with his hands, the markers adhere to his hands. If his shadows can find the markers on his hands using UV light at approximately 365 nm and three types of filters, they can prove his criminal act. Even if the markers cannot be found by UV light, the markers can be collected from his hands together with fibers from the victim's underclothes using an exclusive transparent pressure-sensitive adhesive tape. The markers are analyzed by a microscopic FT-IR spectrometer and a microscopic spectrometer with a fluorescence detector. The analytical result is very useful as important evidence of the perpetrator's crime.
Results and Discussion
Absorption wavelengths of the luminescence compounds Table 1 gives the analytical results of the UV absorption and excitation spectra of the luminescent compounds in methanol. All luminescent compounds in methanol had strong absorption bands in the UV wavelength region of 307 to 371 nm. BFA in methanol had an absorption band at 327 nm. The absorption bands at 326, 328, and 323 nm in the spectra of EuBFA3, NdBFA3 and YbBFA3, respectively, can be assigned to the intra-ligand π → π* transitions of the BFA ligand. Although the absorbance at 365 nm in the spectra of six luminescent compounds, other than 7-hydroxycoumarin in the NaHCO3 aqueous solution, corresponded to the tail of the absorption band; all luminescent compounds showed absorbance at 365 nm, as shown in Table 1 . 7-Hydroxycoumarin in the NaHCO3 aqueous solution had strong absorption at 365 nm. The absorbance was almost the same as that of the band at 371 nm. Five types of luminescent compounds other than NdBFA3 and YbBFA3 in methanol had a strong peak in the wavelength region of 329 to 366 nm in the excitation spectra. The excitation spectra closely resembled the absorption spectra. Each peak at 330, 329, 366 and 329 nm in the excitation spectra of EuBFA3, 7-hydroxycoumarin, 7-hydroxycoumarin in the NaHCO3 aqueous solution and o-coumaric acid corresponded to the peaks at 326, 324, 371 and 324 nm, respectively, in the UV absorption spectrum. The peak at 335 nm in the excitation spectrum of TbSE3 corresponded to the shoulder peak (at approximately 340 nm) of the central peak at 307 nm in the UV absorption spectrum. Although the position at 365 nm in the spectra of the five luminescent compounds corresponded to the tail of the above-mentioned peaks in the excitation spectra, the five luminescent compounds had the luminescence intensities given in Table 1 at 365 nm. The excitation spectra for the NIR luminescence of NdBFA3 and YbBFA3 could not be measured because the region of the emission wavelength set by the fluorescence spectrophotometer used in this study was 200 to 800 nm.
The photoluminescent compounds and matrix used for the preparation of the powdered micromarkers
The markers prepared in this study are shown in Figs. 1(a-1) -(e-1) and (a-2) -(e-2). They are colorless powders visualized as red, green, yellow, cyan or magenta photoluminescence under UV light at approximately 365 nm. The red, green, yellow, cyan and magenta photoluminescent compounds were a europium (Eu 3+ ) complex, a terbium (Tb 3+ ) complex, a mixture of the Tb 3+ complex and Eu 3+ complex (10:1), a mixture of the Tb 3+ complex and 7-hydroxycoumarin (5:1) in the NaHCO3 aqueous solution, and a mixture of the Eu 3+ complex and ocoumaric acid (1:1), respectively.
Tris(benzoyltrifluoroacetonato) Eu 3+ and tris(ethyl salicylate) Tb 3+ were used as the Eu 3+ and Tb 3+ complexes, respectively. The yellow, cyan and magenta photoluminescent compounds were prepared using a mixture of two types of photoluminescent compounds separately dispersed in polyvinyl butyral resin. These markers were much more stable than those in vaseline, as previously reported. 6 The photoluminescent markers using vaseline as the matrix were quenched in a few weeks after the vaseline disappeared from the application spot due to absorption and diffusion, whereas the photoluminescence of the markers prepared in this study were stably detected for more than one year after application. The photoluminescent compounds in the markers were more stably protected from decomposition by the polyvinyl butyral resin than the vaseline because the resin was not absorbed and did not diffuse after application. 
Detection method for the markers under various conditions
The shape of the marker particles is irregular and angular, and the particle diameters are several tens to several hundreds of micrometers. The results of color observations of the markers involving (1) color under natural light, the luminescence colors under UV light at approximately 365 nm (2) without a filter and (3) through a BPN45 filter, (4) a BPN55 filter, and (5) an SC58 filter are shown in Tables 2 and 3 . The markers were distinguishable from most of the visible photoluminescent compounds available in the living area. The BPN45, BPN55 and SC58 filters selectively transmitted visible light at approximately 450 nm, approximately 550 nm, and wavelengths greater than 580 nm, respectively. The luminescence colors of the fluorescent whitening agents and powder detergents under UV light through the SC58 filter were not detected, whereas those of the markers were detected as red. The fluorescent coloring agents and inks of fluorescent pens were not colorless, whereas the markers were colorless.
The other color observations ( (2), (3), and (4) substances. These color observations ( (1) - (5)) are very useful for detecting the markers under various conditions.
Analysis of the markers
The spectra of all five types of markers measured by the microscopic FT-IR spectrometer corresponded to a spectrum, as shown in Fig. 2 . The analytical results showed that the matrix of the markers was polyvinyl butyral. The spectra of the five types of markers were distinguished by the microscopic spectrometer with a fluorescence detector, as shown in 
Figs. 3(a) -(e).
The analytical results showed that red photoluminescence from the Eu 3+ complex, green from the Tb 3+ complex, yellow from the mixture of the Tb 3+ and Eu 3+ complexes, cyan from the mixture of the Tb 3+ complex and 7-hydroxycoumarin in the alkaline aqueous solution, and magenta from the mixture of the Eu 3+ complex and o-coumaric acid were emitted from the five types of markers. The emission spectrum of the Eu 3+ complex was identified by peaks at approximately 580, 590, 610, 650 and 700 nm (wavelengths of the 5 D0 → 7 F0, 5 D0 → 7 F1, 5 D0 → 7 F2, 5 D0 → 7 F3, and 5 D0 → 7 F4 transition, respectively), as shown in Fig. 3(a) .
2, 4 The spectrum of the Tb 3+ complex was identified by peaks at about 490, 545, 590 and 620 nm (wavelengths of the 5 D4 → 7 F6, 5 D4 → 7 F5, 5 D4 → 7 F4, and 5 D4 → 7 F3 transition, respectively), as shown in Fig. 3(b) . 4 A grain of marker with a particle diameter of several tens of micrometers was sufficient for these nondestructive analyses. The broad bands at approximately 450 and 415 nm in the spectra shown in Figs. 3(d) and (e) were assigned to the fluorescence bands of 7-hydroxycoumarin in the NaHCO3 aqueous solution and o-coumaric acid, respectively.
Particle size for the detection of luminescence
The relationship between the crushing time and the particle size of the micromarkers prepared by the cryogenic sample crusher is shown in Fig. 4 . The sample was crushed for 30 s to 20 min after cooling for 10 min. The particles had irregular shapes, so the longest distance across each particle was taken as the size. The minimum particle size of the markers obtained in this study was approximately 30 μm, which corresponded to the diameter of the fibers in the clothes used. The luminescence of the markers with a particle size of more than 30 μm were easily detected by the microscopic spectrometer with a fluorescence detector.
More unique photoluminescent powder micromarkers
Neodymium (Nd 3+ ) and ytterbium (Yb 3+ ) complexes emit a characteristic invisible photoluminescence in the near-IR wavelength region. [18] [19] [20] [21] When they were added to the five color markers using the same preparation method as that for the yellow photoluminescent polymer, the photoluminescence color paled. These markers became more unique photoluminescent markers than the above-mentioned five types of markers, because they simultaneously emitted the visible and invisible photoluminescences of the rare earth elements. The purplishred photoluminescent R-2 micromarker containing EuBFA3 (4 mg) and NdBFA3 (40 mg) and the purplish-red photoluminescent R-3 marker containing EuBFA3 (4 mg) and YbBFA3 (40 mg) initially had the same spectra, because their luminescence spectra were identical to the spectrum of the red photoluminescent R-1 marker containing only EuBFA3, as shown in Fig. 5(a) . However, when the vertical line of the spectra was expanded, the spectra of the R-2 and R-3 markers could be discriminated, as shown in Figs. 5(b) and (c), respectively. The pale-yellow green photoluminescent G-2 micromarker containing TbSE3 (4 mg) and NdBFA3 (40 mg) and the pale-yellow green photoluminescent G-3 marker containing TbSE3 (4 mg) and YbBFA3 (40 mg) initially had the same spectra, because their luminescence spectra were identical to the spectrum of the green photoluminescent G-1 marker containing only TbSE3, as shown in Fig. 5(d) . However, when the vertical line of the spectra was expanded, the spectra of the G-2 and G-3 markers could be discriminated, as shown in Figs. 5(e) and (f), respectively. Although the photoluminescence intensities of NdBFA3 and YbBFA3 were much weaker (approximately 1/500 -1/1200) than those of EuBFA3 and TbSE3, their photoluminescence peaks were detected at approximately 875 (the 4 F3/2 → 4 I9/2 transition of Nd 3+ ) and 975 nm (the 2 F5/2 → 2 F7/2 transition of Yb 3+ ), respectively. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The photoluminescence intensities of NdBFA3 and YbBFA3 were especially weak, because the UV light at 365 nm was not the optimum excitation light for the near-IR photoluminescence. However, the wavelength of the UV light lamp was used most popularly as an excitation light is 365 nm. The detection limit of the near-IR photoluminescences of NdBFA3 and YbBFA3 in polyvinyl butyral, measured by the microscopic spectrometer equipped with a fluorescence detector with an excitation light of 365 nm, was approximately 0.04 -0.08 wt%. In general, nobody except for persons using the markers can notice the existence of NdBFA3 and YbBFA3. Accordingly, these complexes with weak near-IR photoluminescence can be used as secret markers hidden by the strong visible photoluminescence from EuBFA3 and TbSE3. Moreover, the number of marker types can be increased by combining these complexes with compounds emitting photoluminescence in the visible and/or near-IR wavelength regions.
Other characteristics of the markers
The markers were insoluble in water, but soluble in alcohols, such as ethanol and methanol, because the matrix was polyvinyl butyral. The markers that partially dissolved in alcohol had round particle shapes. When the yellow, magenta, red and green photoluminescent markers were dissolved in an ethanol-acetic acid solution (5:1), their photoluminescence was quenched, and they disappeared.
When the cyan photoluminescent marker was dissolved in the acidified ethanol solution, a pale-blue fluorescence from the 7-hydroxycoumarin was observed. However, the marker in powder form could not be detected.
The micromarkers developed in this study were composed of polyvinyl butyral (93.4 -99.8%) and various luminescence compounds (0.2 -6.6%). Although safety testing of the markers for human use was not carried out, the testing of products similar to these has been reported. 23 The products were practically nontoxic, according to the material safety data sheet of a product Butvar B-98, containing polyvinyl butyral (more than 95.6%) and solvents (less than 4.4%), such as diethyl butyral and water. The results of the tests for acute oral administration toxicity (rat) and acute dermal toxicity (rabbit) showed that the product was practically nontoxic. Those for eye irritation (rabbit) and skin irritation (rabbit) showed that the product was slightly irritating to the eye and nonirritating to the skin. The results of the above-mentioned tests for vaseline containing EuBFA3 (1%) as the luminescent compound also showed that the product was nontoxic and nonirritating. Therefore, the micromarkers can be considered to be practically nontoxic. Any unnecessary markers can be removed by spraying them with ethanol acidified with acetic acid and rising out with water. and can serve as evidence of the presence of a molester at the scene of a crime more efficiently than fibers. Accordingly, they are very useful both as proof of a criminal act and as a deterrent to molestation when utilized as tracers for shadowing pursuits.
